Recently, it has been reported that extrinsic grain boundary dislocations (EGBDs) are often present in the grain boundaries of ultrafinegrained (UFG) metals produced by severe plastic deformation; therefore, the emission of EGBDs from the grain boundaries could afect the mechanical characteristics of UFG metals. In this paper, we use molecular dynamics to simulate the emission of EGBDs from grain boundaries, and we examine the grain boundary structure dependence of the emissions. Then we apply J-integral analysis to evaluate the PeachKoehler force required for the grain boundaries to emit the EGBD. It can be confirmed that the PeachKoehler force required to emit the EGBD is highly dependent on the relationship between the Burgers vector components of the EGBD and intrinsic grain boundary dislocations (IGBDs), which form the equilibrium grain boundaries. Comparing analyses of the linear elastic theory with atomic simulations, we confirm that nonlinear structural changes in the dislocation cores of the EGBD and IGBDs, which can only be expressed by atomic scale resolution, are responsible for such strong grain boundary structural dependence. We also verify that normal stress components perpendicular to the slip plane of EGBDs have a significant effect on the emission of EGBDs.
Introduction
Recently, several researchers have investigated severe plastic deformation 13) method for the bulk production of ultrafine-grained (UFG) metals having submicrometer grain sizes; the mechanical properties of UFG metals differ from those of coarse-grained metals having grain sizes in the supermicrometer range. 46) In general, annealing at temperatures below recrystallization point softens coarse-grained metals and decreases their dislocation density. Recently, it has been reported that the annealing of UFG metals not only decreases their dislocation density but also increases their yield stress, 4) as opposed to the case of coarse grained metals. This anomalous phenomenon could occurs when the dislocation sources in the grains become depleted. 4) Asdeformed UFG metals by cold rolling after the annealing process decreases their yield stress and improves their ductility, while the grain sizes remain unchanged. 4) Such a variation in mechanical characteristics is attributed to the micronization of the grain sizes to a few hundred nanometers, which drastically increases the volume ratio of the grain boundaries. Therefore, we can infer that the mechanical characteristics of the grain boundaries afects the mechanical characteristics of UFG metals.
In general, the equilibrium grain boundary is composed of the intrinsic grain boundary dislocation (IGBD), which is necessary to accommodate misorientations between adjacent grains. According to recent reports, grain boundaries in UFG metals obtained via severe plastic deformation contain the geometrically unnecessary extrinsic grain boundary dislocations (EGBDs), in addition to IGBDs. 7, 8) Thus, under an applied load, EGBDs are expected to be released from the grain boundaries before the emission of IGBDs if the Burgers vectors of the EGBDs are in close proximity to the Burgers vectors of the lattice dislocations. 9) Accordingly, on the basis of the hypothesis that the ability of the grain boundaries to act as dislocation sources affects the mechanical characteristics of UFG metals, the relationship between the annealing process and these mechanical characteristics can be analyzed as follows. As-deformed UFG metals contain high levels of EGBDs in their grain boundaries; however, when UFG metals are annealed, the EGBDs decompose and change into IGBDs, i.e., non-equilibrium grain boundaries change into equilibrium grain boundaries. This implies that as-deformed UFG metals are capable of emitting EGBDs, in contrast to annealed UFG metals. It has been reported that the yield stress of UFG metals differs under compressive deformation and tensile deformation. 10) This tension/compression asymmetry can be explained by the pressure dependence of the dislocation self-energy during bow-out from a grain boundary dislocation source. 10) Consequently, we can infer that the ability of grain boundaries to act as dislocation sources has a significant impact on the mechanical characteristics of UFG metals in which a large number of dislocation sources are not easily produce in the grains.
In this study, we employ molecular dynamics (MD) to examine the effects of the relationship between the components of the Burgers vectors of IGBDs and EGBDs in the grain boundaries on the emission of EGBDs from the grain boundaries. For equilibrium grain boundaries with different grain boundary structures, we specifically introduce lattice dislocations externally, and we develop a nonequilibrium grain boundary model containing EGBDs. Then, we apply loads to the models in various directions. In order to evaluate g the dependence of the EGBD emissions on the grain boundary structure, we calculate the PeachKoehler (PK) force when the EGBDs are released into the grains. We perform J-integral analysis around the EGBDs to calculate the PK force in the slip direction because the J-integral is equivalent to the PK force.
11) The method for calculating the J-integral in atomic and finite element models has been proposed previously. 12, 13) The influence of the normal stress components perpendicular to the slip plane on the EGBD emissions is also investigated in order to consider the tension/compression asymmetry of the dislocation source activity in the grain boundaries. Finally, we discuss the effect of the nonlinear structural changes in the dislocation cores of the EGBD and IGBDs on the emission phenomena by comparing the results of atomic simulations (which indicate structural changes in the grain boundary dislocation cores) with the linear elastic theory (which only expresses the elastic interactions of the IGBDs and EGBDs).
Analysis Model and Analysis Conditions
2.1 Analysis model Figure 1 (a) shows an overview of the analysis model. The analyzed element is aluminum, and its properties are expressed by the embedded atom method proposed by Mishin et al.
14) The analysis model is based on a bicrystal in which grain I and grain II are periodically placed along the z-axis so that the grain boundaries are parallel to the x-axis. We set the basic crystal orientations in the ½1 " 10 direction along the x-axis, ½ " 1 " 12 direction along the y-axis, and ½ " 1 " 1 " 1 direction along the z-axis. Then, we express the crystal orientations for grain I and grain II by rotating the basic crystal orientations in the clockwise direction about the y-axis by «ª, respectively; hence, the grain boundaries used in this study are the h112i tilt grain boundaries. In this study, we use symmetrical tilt grain boundaries of 21 and 15. For the 21 boundary, ª is set at 67.8°, and for 15, ª is set at 50.8°. In this study, we refer to 21 as model A and 15 as model B. The grain boundary misorientation angles of 21 and 15 are ª AE21 = 44.42°and ª AE15 = 78.46°, respectively. 21 and 15 each consists of two types of structural units.
1517) The two types of structural units that constitute the 21 boundary are called A and B structural units. Under this classification, the grain boundary structure of 21 has a structural unit periodicity of «BBA«. On the other hand, the two types of structural units that constitute the 15 boundary are called B and C structural units (the B structural unit is identical to that for 21); thus, the 15 boundary has a structural unit periodicity of «BBC«. Using an energetically stable 11 boundary with ª AE11 = 62.96°as a reference structure, IGBDs in the A and C structural units are indicated in gray in Figs. 1(b) and 1(c).
17) The A structural unit contains the IGBD with the Burgers vector b igb AE21 ¼ 2a=11½3 " 11, which possesses the z orientation component only, whereas the C structural unit contains the IGBD wih b
11, whose direction is opposite to that of b igb AE21 . In this study, a denotes the lattice constant, i.e. a = 0.405 nm.
Under an applied load, a set of lattice dislocations is introduced, as indicated in black in Fig. 1(a) , into the grain boundaries from the grain I, and a non-equilibrium grain boundary containing EGBDs is created, as indicated in white in Fig. 1(a) . The upper-left and lower-right regions where lattice dislocations are impinged are called S 1 and S 2 , respectively. As shown in Figs. 1(b) and 1(c), the structural units where the EGBD is introduced at S 1 and S 2 are not identical. Subsequently, we perform structure relaxation of non-equilibrium grain boundaries under no applied load using the conjugate gradient method, and then, we obtain stable non-equilibrium grain boundary models that contains EGBDs. Depending on the EGBD's Burgers vector component introduced, the models in this study are referred to as model A i and B i ; thus, when i = 1, EGBDs are introduced from grain I via tensile preloading in the z direction, as shown in Fig. 2(a) , and when i = 2, EGBDs are introduced from grain I via compressive preloading in the z-direction, as shown in Fig. 2(b) 
Analysis conditions
For EGBD emission to the grain I area, we perform deformation tests in the x and z directions on each model in order to direct the PK force on the EGBD toward grain I. Table 1 lists the deformation direction for each model. We apply the periodic boundary condition in all directions and we set the strain rate at ¾ x ; ¾ z ¼ AE2 Â 10 8 1/s. The unit cell length in the y-direction is fixed, whereas the other unit cell length is controlled to maintain the normal stress at zero.
18)
The analysis temperature is maintained at 0.1 K.
A comparison of models A 1 and A 2 (B 1 and B 2 ), which have different signs of the inner product b igb Á b egb , enables us to investigate the effect of the Burgers vector components of IGBDs and EGBDs on the emission of EGBDs. Moreover, comparing the results of different loading directions facilitates a better understanding of the effect of the normal stress component which is perpendicular to the slip plane of the EGBD shown in Fig. 2 , the emission of EGBDs.
PK Force Evaluation Method and Its Validity
In this study, we use J-integral analysis 19) to calculate the PK force acting on EGBDs. In the following subsections, we provide an overview of the J-integral calculation method, and we verify its validity for an atomic model.
12)

J-Integral analysis of atomic models
Nakatani et al. 12) proposed a method for calculating the J-integral value for an MD simulation. When we calculate the PK force acting on the EGBD in the x 1 slip direction, f x 1 , shown in Fig. 1(a) , using the J-integral value, the J-integral value can be expressed by the following equation in the O-x 1 x 2 x 3 coordinates in Fig. 1(a) . 
Here, S* denotes the area represented by S* in Fig. 1 denote the potential energy, stress component, and displacement component of the ¡ atom in O-x 1 x 2 x 3 , respectively. The l 2 denotes the length in the y-direction in the analysis model, whereas V (¡) denote the occupied volume of the ¡ atom; we simply use the atomic volume of the perfect crystal instead of V (¡) in this study. The letters O and C denote a non-loading state and deformation state, respectively. Q is a weighting function introduced to express the line integral performed by the original J-integral analysis in the form of the surface integral for the S* region in Fig. 1(a) . Moreover, Q is a continuous function that becomes 0 at the internal diameter r 1 and 1 at the outer diameter r 2 . r denotes the distance from the dislocations. In this study, Q(r) is defined as
The displacement gradient @u ð¡Þ i =@x 1 can be obtained as
Here, the ¢ atom is located within 0.6 nm of the ¡ atom. w is a three-dimensional normal distribution with the ¡ atom as the original point, and the distribution value refers to the distance of the first neighbor atoms (r 1st = 0.286 nm), which is set as r 3.2 Evaluation of PK force acting on Lomer sessile dislocation In order to verify the validity of the PK force calculated using eq. (1), we calculate the J-integral values of a straight lattice dislocation under shear deformation. In this study, aluminum is used as the analysis metal; it induces smaller Peierls stresses for lattice edge dislocations. Therefore, lattice edge dislocations can move easily if a shear strain is applied. In order to constrain the movement of dislocations for calculating the J-integral values under applied stress, we adopt the Lomer sessile dislocation with a much higher Peierls stress.
As shown in Fig. 3(a) , we developed a square shape atomic model (side, 120 nm), with the Lomer sessile dislocation at the center. Then, we relaxed the analysis model under a free surface condition in the x and z directions by using the conjugate gradient method. The relaxed atomic configuration is shifted according to the homogeneous shear strain £ app zx , and then, all regions, except for the central part at a radius of 25 nm are removed. The surrounding black region of the cylinder region shown in Fig. 3(b) is fixed during the relaxation of the interior containing the Lomer sessile dislocation. Using this atomic structure, PK forces acting on the Lomer sessile dislocation are calculated by the following two methods. The PK forces obtained by the two methods are compared in order to investigate the validity of eq. (1) for the estimation of the PK force in atomic models.
In the first method, the PK force is calculated from the average shear stress " MD zx applied to the cylinder region, as shown in Fig. 3(b) . Because the relation between the shear stress¸z x and the PK force f x is given by f x =¸z x b when the direction of the Burgers vector of the dislocation is parallel to the x-direction, as shown in Fig. 3(b) , substituting " MD zx for¸z x provides the PK force. Here, b denotes the Burgers vector for the Lomer sessile dislocation. This method is referred to as method 1 (" MD zx ). In the second method, called method 2 (J-integral), the PK force is obtained using eq. (1) . In this method, the internal diameter r 1 is fixed at 5 nm, and the outer diameter r 2 is changed from 6 nm to 12 nm in order to evaluate the dependence of the integral areas S* on the J-integral values, as shown in Fig. 4(b) .
Figure 4(a) shows PK forces obtained by the two methods. A comparison of the results of method 1 and method 2 confirms a linear increase in PK forces in proportion to an increase in shear strains for both methods. Thus, it is possible to use eq. (1) to evaluate the PK force in atomic models. The PK force obtained by method 2 is slightly larger than that obtained by method 1 owing to the brought by the boundary condition, which constrains the atomic displacement in the black regions shown in Fig. 3(b) . Next, we examine the dependence of the outer diameter r 2 . Figure 4 (c) shows the relationship between the PK force and the outer diameter r 2 at 0.2% shear strain. We can confirm that r 2 is slightly dependent on the PK force when it is set at 9 nm or more. Therefore, in this study, we set r 1 = 5 nm and r 2 = 10 nm to evaluate the PK force acting on the EGBD.
Effects of normal stress on PK force
In this section, we investigate the change in the PK force obtained by eq. (1) when ¾ z is applied to the analysis model in shear deformation. The dislocation theory argues that vertical loads on the slip plane of the dislocation have no impact on the glide movements of the edge dislocations.
We evaluate the PK force acting on the Lomer sessile dislocation by applying both shear strain £ zx and normal strain ¾ z = «0.1 and «0.4 on the previously mentioned Lomer sessile dislocation model, and we perform J-integral analysis around the dislocations. Figure 5 shows the dependence of the PK force on the normal strain ¾ z under shear strain £ zx . Figure 5 shows no significant difference in each ¾ z under £ zx ; hence, the J-integral value also shows a smaller impact of the normal strain on the PK force evaluated by eq. (1) as well as the dislocation theory.
J-Integral that crosses the grain boundaries
The S* for the J-integral calculation contains the grain boundaries, as shown in Fig. 1(a) ; therefore, the elastic anisotropy may affects the obtained PK force. In order to examine this effect, first we apply a strain of ¾ z = 2% to model A of 21 with equilibrium grain boundaries and model A 1 with non-equilibrium grain boundaries. Then, we apply J-integral analysis to these models for various PK force directions. The results are shown in Fig. 6 . It can be confirmed that the PK force acting on the EGBD, indicated in gray, fluctuates periodically, and that the PK force becomes maximum/minimum when the x 1 directions that express the direction of the PK force action and the direction of the EGBD Burgers vectors are identical. On the other hand, the PK force becomes almost zero for the equilibrium grain boundaries with no EGBD. Thus, strong elastic anisotropy is not generated. This could be due to the fact that the anisotropic factor obtained from the potential energy employed in this study is 1.25, which is closer to 1. The grain boundary slightly affects the J-integral analysis, and hence, J-integral analysis can be adopted to evaluate the EGBD pinning effect across grain boundaries, when calculating the PK force acting on the EGBD in aluminum. Figure 7 shows the non-equilibrium grain boundary structures near the EGBD. When b igb Á b egb > 0 in models A 1 and B 2 , the grain boundary structures near the EGBD impinged are in disarray; hence, it is not possible to express the grain boundary structures in the structural unit. On the other hand, when b igb Á b egb < 0, which makes the residual Burgers vector after the reaction of b igb and b egb much smaller than that when b igb Á b egb > 0, the grain boundary structures with the EGBD in model A 2 and model B 1 are less disorganized than those of models A 1 and B 2 . Hence, it is possible to express the structures in the structural unit. This result shows that the non-equilibrium grain boundary structures that contain the EGBD are highly dependent on the relationship between the Burgers vector components of the IGBDs and EGBDs.
Analysis Results
Non-equilibrium grain boundary structures
In order to examine the relationship between non-equilibrium grain boundary structures and stress fields, the distributions of the first invariant of stress I 1 of models B 1 and B 2 are shown in Fig. 8 . Figure 8 shows similarities in the size of the stress fields near the EGBD for both grain boundary structures in spite of the differences shown in Fig. 7 . This means that the Burgers vectors of the lattice dislocations impinged at the grain boundaries are preserved in the local areas of the grain boundaries. It also implies that the EGBD stress field affects the mechanical characteristics in the grain, and we can speculate that this effect is not sensitive to the non-equilibrium grain boundary structures.
Extrinsic grain boundary dislocation emissions from grain boundaries
We perform deformation simulations with the conditions listed in Table 1 for EGBD emission into grain I from the grain boundaries. Figures 9 and 10 show the stressstrain curves obtained from models A 1 /A 2 and B 1 /B 2 , respectively. The vertical and horizontal axes represent the normal stress and strain along the loading directions, respectively. The upper horizontal axis represents the strain when the models are deformed in the x-direction, whereas the lower axis represents the strain when the models are deformed in z-direction. It is important to note that the strains in the x-direction and z-direction have opposite signs. The solid circles represent the first EGBD emissions and the numbers indicate the values of the strains at the time of the EGBD emissions. Both Figures also show the sites where EGBDs were emitted. Table 2 lists the critical applied stresses · c at the time of the EGBD emissions as well as the sites where the EGBDs were emitted. To compare the abilities of the nonequilibrium grain boundaries to act as dislocation sources, we perform deformation tests on the equilibrium grain boundaries with no EGBD; the stress when the first dislocation occurs is stated in parentheses in Table 2 . The simulations show that all non-equilibrium grain boundaries experience dislocation emission with lower stresses, as compared the equilibrium grain boundaries without the EGBD. This implies that it is easier to emit EGBDs than to induce dislocations from the equilibrium grain boundaries, and that non-equilibrium grain boundaries are more capable of acting as dislocation sources than equilibrium grain boundaries. Figure 9 ( Fig. 10) shows that model A 1 (model B 2 ) with b igb Á b egb > 0 emits the EGBD with lower stresses than model A 2 (model B 1 ) with
for models A 1 and B 2 , the introduced EGBD was emitted directly from the sites; in other words, the slip planes of the impinged lattice dislocation at the grain boundaries and the emitted dislocation from the grain boundaries are the same. However, when b igb Á b egb < 0 for models A 2 and B 1 , a different dislocation is emitted from the grain boundaries near the site where the EGBD exists. In other words, as Fig. 7 suggests, the structurally disorganized models A 1 and B 2 tend to emit the EGBD easily, whereas it is difficult for models A 2 and B 1 , whose grain boundary structures can be re-expressed by the structural unit. This shows that the structural change in dislocation cores by the interactions of IGBDs and EGBD has a strong impact on the emission of EGBDs.
Next, we investigate the relationship between the EGBD pinning effects of the grain boundaries and the normal stress components perpendicular to the slip planes. Figure 2 shows that the normal stress components perpendicular to the slip planes of the EGBD become positive when tensile loads are applied in the x-or z-directions. On the other hand, the normal stress components become negative when compressive loads are applied in the x-or z-directions. In order to examine the influence of normal stress components on the emission of EGBDs, we compare j· It can be confirmed that it is more difficult to emit EGBDs from grain boundaries under the normal compressive stress component perpendicular to the slip plane, as compared to the case of the normal tensile stress component; therefore, the influence of normal stress components on the emission of EGBDs could cause tensile/compressive asymmetry in UFG metals.
10) The obtained results imply that the non-equilibrium grain boundaries with b igb Á b egb < 0, whose grain boundary structures can be re-expressed by the structural units, are more sensitive to normal stress components perpendicular to the slip planes.
PeachKoehler force acting on the EGBD in atomic simulations
In previous sections, the emission of dislocations from the grain boundaries was estimated using loading stresses. However, it is not easy to compare the structure dependence of the abilities of various grain boundaries to act as dislocation source with different misorientation angles because of the difference in the Schmid factor of the slip systems for activating EGBDs. Therefore, we evaluate the PK force in the slip direction, which acts on EGBD, using J-integral analysis, and we compare the emission ability of EGBDs for 21 and 15 grain boundaries. Figures 11 and 12 show the PK force for emitting the first dislocation from non-equilibrium grain boundaries in models A i and B i , respectively. The solid circles in Figs. 11 and 12 indicate the timings of the dislocation emissions, whereas the numbers represent the critical PK force f c for the first dislocation emissions. These values are listed in Table 2 . All PK forces increase linearly until the first dislocation emission, except for the compressive deformation in the x-direction for model A 2 . The reason is shown in Fig. 13 , where the distributions of the first invariant of stress I 1 are subtracted from the average " I 1 of the analysis model immediately after the emissions of the EGBD in model A 2 . In most cases, grain boundary structures within the S* region for J-integral analysis do not change until the first dislocation emission, as shown in Fig. 13(a) . However, in the case of the compressive deformation in the x-direction for model A 2 shown in Fig. 13(b) , the grain boundary structure changes within the S* region before the first dislocation emission; therefore, we cannot obtain the exact PK force by calculating the J-integral.
Comparing the PK force confirms that the emission of dislocations from the grain boundaries is highly dependent on b igb Á b egb , as shown in Table 2 . Furthermore, we can examine the pinning effects of EGBD for the 21 and 15 grain boundaries by comparing the PK force. . Although 21 and 15 are very closely related in terms of the Burgers vectors of IGBDs when 11 is used as a reference structure, as mentioned in section 2.1, the 21 boundary has lower EGBD pinning effects than the 15 boundary. This means that nonlinear structure changes in the cores of IGBDs and EGBDs, which could not be easily estimated by superposing their atomic configurations as described in section 4.1, have a strong impact on the emission of EGBDs.
PeachKoehler force acting on the EGBD in linear
elastic theory In this section, in order to further investigate the effect of nonlinear structure changes in the cores of IGBDs and EGBDs on the emission of EGBDs, we compare the EGBD pinning effects obtained by expressing the elastic interactions of IGBDs and EGBDs within the framework of the linear elastic theory, with the results of atomic simulations.
On the basis of an energetically stable 11 as a structural reference, the grain boundary structure of 21 (model A) and 15 (model B) in this study can be expressed by placing IGBDs to accommodate the misorientations from 11. In general, the small misorientations ª of the grain boundaries can be expressed as 20) sin
Here, h and b denote the dislocation interval and Burgers vector of the lattice dislocation, respectively. Using the linear elastic theory, we can express the grain boundary structures of 21 and 15 by the superposition of IGBDs. The misorientation between 21 and 11, ª AE21 À ª AE11 , is ¹18.54°, and the misorientation between 15 and 11, ª AE15 À ª AE11 , is 15.50°. The IGBD interval h AE21 that Fig. 14 , and we also locate disclinations using a Frank vector with ª AE21 À ª AE11 and ª AE15 À ª AE11 on both sides of the dislocation arrays in order to remove the long-range stress fields of finite dislocation arrays. 21) For simplicity, an EGBD is placed at the center between the IGBDs located 2 µm from the disclination. Figure 14 shows the results obtained by the superposition of the first invariant of the stresses of the IGBDs and the EGBD using the linear elastic theory. This shows a high consistency with the nonequilibrium grain boundaries in the atomic model, shown in Fig. 8 , and it can be confirmed that the long-range stress field far from the core regions can be expressed by the superposition of IGBDs with the linear elastic theory, even though each core region might overlap.
Next, we move the EGBD in the direction indicated by the arrows in Fig. 14 , and we calculate the PK force acting on the EGBD from the elastic interaction evaluated by the dislocation theory. In Fig. 15 , the vertical axis indicates the PK force f T that acts on the EGBD, and the horizontal axis represents the displacement dx 1 of the EGBD from the grain boundaries. In models A 1 and B 2 , the force that pulls the EGBD in the direction of the grain boundaries becomes activated when the EGBD exists near the grain boundaries. Therefore, the EGBD stably exists at the grain boundaries. On the other hand, in models A 2 and B 1 , the EGBD receives a repulsive force from the grain boundaries, and then, it takes locations in front of the grain boundaries at a distance of 0.67 nm for model B 1 Table 2 . Therefore, it can be confirmed that f igb Á b egb < 0), the EGBD pinning effects, which are obtained from the elastic interaction with the linear elastic theory, are opposite to the MD results, and the PK force is extremely small. In addition, a comparison between 21 and 15 shows no difference in the EGBD pinning effects estimated by the linear elastic theory, indicating the difference between them and the results obtained from MD simulations. The result enables us to understand that in addition to the elastic interaction affecting the EGBD pinning effects, the nonlinear structure changes in the grain boundary dislocation cores, expressed by the atomic simulations shown in Fig. 7 , also affect the pinning effects. In other words, it is difficult to evaluate the EGBD pinning effects simply from the superposition of the stress fields of IGBDs and the EGBD.
Conclusions
In this study, we developed non-equilibrium grain boundary models that contain the EGBD, and we examined the EGBD pinning effects of the symmetrical tilt grain boundaries using atomic simulations. We obtained the following results regarding on the EGBD pinning effects of the grain boundaries.
(1) The relationship between the Burgers vector components of the IGBDs and EGBDs has a strong impact on the structures of non-equilibrium grain boundaries. (2) The non-equilibrium grain boundaries are capable of emitting the EGBD with lower stress than that required to induce the dislocations from the equilibrium grain boundaries. Thus, non-equilibrium grain boundaries have greater abilities to act as dislocation sources than equilibrium grain boundaries. (3) The nonlinear structure changes in the dislocation cores of the IGBDs and the EBGD have a strong impact on the emission of EGBDs. Moreover, the study shows that the normal stress components perpendicular to the EGBD slip planes affect the emission of EGBDs. (4) Performing J-integral analysis around the EGBD makes it possible to calculate the PK force required to emit the EGBD, and it indicates the pinning effects of the EGBD for different grain boundaries. (5) Evaluating the elastic interaction of IGBDs and the EGBD with the linear elastic theory and comparing this with the results of the atomic models enables us to understand that it is important to consider the structure changes in the dislocation cores from atomic-scale perspectives in order to analyze the emission of EGBDs. Fig. 15 PK forces acting on EGBDs estimated by the dislocation theory.
